In this paper, a joint power and beam-level beamwidth control scheme is proposed for full duplex (FD) millimeter wave (mmWave) indoor wireless systems. Energy efficiency of the proposed scheme is investigated considering various system parameters, such as maximum transmit power level, level of self-interference cancellation and pilot transmission overhead. With this analysis for a realistic indoor wireless communication scenario, the feasibility of FD is studied for mmWave links, considering their specific propagation characteristics, namely, narrow transmission and reception beam-level beamwidths and high absorption losses, as well as massive bandwidth which is much larger than the existing sub 6 GHz bands. We evaluate the performance of the proposed FD mmWave system for three power budget schemes (low, moderate and high) in terms of average total energy efficiency. Our simulation results show that, for currently available state-of-the-art self-interference cancellation levels, FD mmWave with proposed joint power and beam-level beamwidth control outperforms the smart half duplex (HD) mmWave with joint transmission slot and beam-level beamwidth control by a factor of up to four times and improves FD mmWave with only power control by up to 33.92 %. If higher (close to ideal) selfinterference cancellation can be achieved, the net average total energy efficiency improvements over existing abovementioned schemes, are up to 4.8 times and 26.45 %, respectively. It is concluded that with the proposed joint power and beamwidth control, the current FD mmWave technology promises a good potential for indoor wireless networks.
I. INTRODUCTION
The ever increasing demand for higher data rates in wireless communication networks has made it inevitable for the telecommunication policy makers and the researchers to look for possible bands other than the existing sub 6 GHz, which is almost saturated [1] . Millimeter wave (mmWave) communication (28, 60, 73 GHz) has recently proved to be one of the candidates for meeting this demand, owing to its massive bandwidth [2] . Due to very high operating frequency, mmWave communication exhibits certain unique characteristics, such as high antenna directivity gains and high absorption losses [3] . mmWave communication is also a preferable candidate for indoor wireless communications due its to low cost as compared to wired access points [4] . Several standards have been developed for short-range mmWave communications, such as IEEE 802. 15 .3c for wireless personal area networks (WPANs) [5] and IEEE 802.11ad wireless local area networks (WLANs) [6] . mmWave communication has evolved as an ideal solution to the future 5G green communications as they are cost and energy efficient [7] , while concurrently offering massive data rates for the applications, such as live-streaming multimedia traffic [8] .
Wireless communication has traditionally been implemented in half duplex (HD) mode as it is not possible to transmit and receive simultaneously in the same band. Recent works have shown that with in-band full duplex (FD) communication, time and frequency resources can be utilized at the same time and frequency, promising doubled capacity. This is achieved at the expense of self-interference (SI) cancellation, which introduces extra complexity and power consumption for FD radios [9] . Successful and sufficient mitigation of the SI has been demonstrated on FD radio prototypes in current wireless systems [10] , as well as mmWave radios [11] .
FD communication relies on SI cancellation at different levels, such as passive suppression (PS) [12] , analog SI cancellation (ASIC) [13] and digital SI cancellation (DSIC) [10] . Except for PS, the SI cancellation techniques are power consuming, posing additional power overhead for the radio. Power or energy efficiency is crucial for mmWave communication systems as the global wireless communication is transitioning towards the green communication paradigm with 5G, aiming to be throughput as well as energy efficient [14] . Energy efficiency is stipulated as the ratio of the achievable transmission rate to the consumed power [14] . mmWave technology is attractive for indoor wireless communications due to high data rates within small range [15] . In [16] , a joint beam-level beamwidth and power control is proposed for maximizing the throughput of a HD mmWave based network, highlighting the benefits and importance of optimizing beam-level beamwidths of millimeter wave communication links. With the implementation of FD in mmWave radios [11] , research on FD mmWave is gaining more interest for enhanced rates [17] . In [7] , an overview of energy efficiency in FD mmWave relaying networks is provided along with an in-depth overview of a power consumption model. In [18] , FD mmWave relaying with transmit power control is proposed; however optimization of beam-level beamwidths is not considered.
In this work, we consider the application of FD in mmWave indoor wireless systems and we propose joint control of transmission power levels and the beam-level beamwidths of mmWave radios, aiming to maximize energy efficiency. Our solution incorporates the inherit nature of transmission/reception beam-level beamwidths of a mmWave communication link, while employing optimal power control mechanism to maximize the total energy efficiency of the mmWave communication system.
For performance analysis, a realistic Wireless Local Area Network (WLAN) channel model for 60 GHz mmWave systems is considered, where the communicating nodes are randomly deployed in a conference room, examining the NLOS propagations only. We consider three different power budget schemes (4 dBm, 10 dBm, 27 dBm) for evaluating the average total energy efficiency performance with respect to system parameters, such as maximum transmit power levels, SI cancellation level and pilot transmission overhead. Numerical results show that the proposed FD mmWave scheme with joint control of transmit power levels and beam-level beamwidths significantly outperforms the FD mmWave system with power control only, Smart HD and traditional HD. The energy efficiency of Smart HD is improved by up to around four times, and FD mmWave is improved by around 30%, considering practical self-interference cancellation levels achieved for 60 GHz mmWave communications.
The rest of this paper is organized as follows: In Section II, the system model of the FD mmWave indoor wireless communication system is presented, also providing the computations of Signal-to-Interference and Noise Ratio (SINR), achievable transmission rate, and energy efficiency. In Section III, the energy efficiency optimization problem is formulated first for the FD case, for obtaining joint solution of optimal transmit power levels and beam-level beamwidths, then for the HD case for obtaining the joint optimal transmission slot and beamlevel beamwidth solution. Section IV provides performance analysis results and Section V presents our conclusions.
II. SYSTEM MODEL: FD MILLIMETER WAVE COMMUNICATION
As shown in Figure 1 , we consider a three-node FD mmWave system, such as a wireless local area network or a small cell network, operating at 60 GHz communication band. Node 1, being the system's coordinator is acting as the access point (AP) or base station (BS), while nodes 2 and 3 are the stations (STAs) or user equipments (UEs) of the system. Node 2 is connected to Node 1 in the downlink, while Node 3 is connected to Node 1 in the uplink. Node 1 is receiving from Node 3 and transmitting its data to Node 2. We consider HD and FD modes of operation, where in FD mode, Node 1 is simultaneously receiving and transmitting, while in all cases Node 2 and Node 3 operate only in HD mode. It is also assumed that for a specific time instant, the channel conditions and the network's topology do not change, i.e. the model assumes quasi-static channel state information (CSI). We let l denote the Non Line-Of-Sight (NLOS) link between Node 3 and Node 1, and m for Node 1 and Node 2 NLOS link, as shown in Figure 1 .
For realizing the channel between the communicating nodes, assuming there is no LOS link between the nodes, we consider NLOS large scale fading model for the 802.11ad mmWave communication in the conference room environment [19] , [20] :
[dB] denotes the large scale fading between a transmitter node a and a receiver node b in dB, A N LOS , and n N LOS are scenario and antenna-specific parameters, f c is the system carrier frequency (in GHz). d a,b is the distance between the transmitter, and receiver in meters and X σ SF dB ∼ N (0, σ SF dB ). For the ST A ↔ ST A communications, A N LOS = 51.5 dB, n N LOS = 0.6 and shadow fading standard deviation (σ SF dB ) = 3.3 dB. While for AP ↔ ST A communications, the respective values are 45.5 dB, 1.4 and 3 dB [19] , [20] .
The model for antenna gain calculations is the well-known sectored antenna model [21] , where the transmitting antenna gain is given as;
For the receiver, the gain is obtained as
where G t a,b and G r a,b represent the antenna gains of the transmitter a and the receiver b, ϕ t a and ϕ r b denote the beam-level beamwidths, θ t a,b and θ r a,b represent the angular differences of the transmitter and receiver with respective to the boresight line, and z is the side lobe level gain having a range of 0 ≤ z 1. We consider the beam searching overhead alignment delay in the effective transmission rate calculations as in [16] . Letting T p denote the pilot signal transmission duration and ψ t a , ϕ t a and ψ r b , ϕ r b denote the sector-level and beam-level beamwidths of the transmitter a and the receiver b respectively, the alignment delay (continuous approximation) can be calculated as [16] ,
Furthermore, since τ a,b cannot surpass the total duration for transmission (T ), a lower bound on effective beam-level beamwidths can be obtained as,
As the beam-level beamwidths are aligned within the sectorlevels, the upper bounds on the beam-level beamwidths can be settled as ϕ t a ≤ ψ t a and ϕ r b ≤ ψ r b . After the beamlevel beamwidth alignments, the remaining time available for the effective transmission is T − τ a,b seconds, which can be normalized by the total duration for transmission T , to obtain the term ( 
T ) [15] , [16] . In the following, achievable rate and energy efficiency metrics are calculated for FD and HD modes for the considered scenario.
A. Achievable Rate 1) Full duplex case: When Node 1 is operating in FD mode, it will experience some residual SI due to its own transmission, since SI cannot be completely cancelled. The SINR of the link l observed at node 1 can be expressed as:
where P t 3 denotes the transmit power of Node 3, G t 3,1 denotes the transmit antenna gain of Node 3 towards Node 1, G c denote the channel gains between the respective nodes obtained as f (F L c a,b ). G r 3,1 is the receive antenna gain of Node 1 towards Node 3, N 0 is the noise power density and B is the system's bandwidth. Moreover, γ 1 represents the residual self-interference at the node 1 obtained as, γ 1 = P t 1 /β, where β denotes SI suppression level for Node 1 [22] .
The SINR of the link m observed at Node 2 is calculated as:
At this point, it is important to note that for the aboveformulated SINR calculations (7) , we have assumed the model as defined in [23] , where the interfering signal from the Node 3 is provisioned by considering the side lobe level gains (i.e. G t 3,2 and G r 3,2 ) [21] . The achievable rates of the links l and m are then calculated as,
(8)
The total achievable rate (throughput) of the FD mmWave system is then computed as:
2) Half duplex case: In HD mode, Node 1's transmission and reception operations are time division duplexed, so there is no residual SI. The HD-SNR at Node 1 can be expressed as,
HD-SNR at Node 2 is,
Given δ 3 , as the fraction of transmission slot designated for Node 3, the achievable transmission rate of the link l is calculated as [24] :
For the link m,
Therefore, the total transmission rate of mmWave system for the HD case is [24] :
B. Energy Efficiency
The consumed power per node is calculated by modeling power consumption realistically at each node of the FD mmWave system according to [7] :
where P t i is the transmit power level of Node i, ω is the amplifier's drain efficiency, is the power consumed with respect to the unit achievable transmission rate [25] , R is the achievable transmission rate, P circuit,static is the circuit's static power consumption, P AIC represents the power consumed for analog SI cancellation, which is usually larger than 50 mW [26] , and in this paper we assumed a constant consumption for SI cancellation of 50 mW . ζ is an indicator variable, which is 1 for FD and 0 for HD support. The power consumption at all the nodes are calculated via (16) , except for Node 2. Since the node is only HD-capable and acts only as the receiver, the first and the last terms of the equation (16), i.e. P t i ω and P AIC are not included. The total power consumption of all the nodes of the FD mmWave system can then be expressed as:
Energy efficiency is a well-known performance metric for the system-level evaluation of a communication system, defined as the ratio of the achievable transmission rate to the power consumed [18] . Mathematically, η = Achievable transmission rate P ower consumed (bits/joule). (18)
III. RESOURCE ALLOCATION FOR ENERGY EFFICIENCY
In the FD case, in order to maximize the total energy efficiency η f d of the entire FD mmWave system, we propose to jointly control the transmit power levels and beam-level beamwidths of all the nodes of the network. For this purpose, we formulate the following optimization problem:
Here, i ∈ {1,2,3} represents the nodes of the system as specified in Figure 1 . Since this problem, (19) is non-convex with non-linear constraints, it is difficult to find the exact solution analytically. Therefore, interior-point algorithm [27] is implemented in MATLAB to obtain a numerical solution.
In the HD case, for maximizing the total energy efficiency η hd of the entire HD mmWave system, we consider joint control of the transmission slot interval and beam-level beamwidths of all the nodes, which results in the following optimization problem:
The optimization problem in (20) is also non-convex with non-linear constraints, so again a numerical solution [27] is found.
IV. NUMERICAL RESULTS
In this section, we present the energy efficiency analysis of FD mmWave communication system with the proposed joint power and beam-level beamwidth optimization, in comparison to the following schemes: 1) FD with power control only [18] having a fixed beam-level beamwidth of 15.4 degrees, which is an acceptable beam-level beamwidth of mmWave system transceivers [16] , 2) Smart HD with joint transmission slot control and beam-level beamwidth, as discussed in Section III, and 3) HD with transmission slot control only, with a fixed beam-level beamwidth of 15.4 degrees [16] . Also, ψ = 90 degrees for all transmitters and receivers and z = 0.05 [16] . We consider the 802.11ad compliant mmWave indoor WLAN scenario as depicted in Figure 1 [16] , [18] . Figure 2 depicts the impact of the maximum transmit power level (P max ) on the average total energy efficiency of the mmWave system. Evidently, the proposed FD at both the observed SI cancellation levels, i.e. β = 75 dB and β = 96 dB provided the highest total energy efficiency for all the considered maximum power transmit levels. For P max = 4 dBm, the proposed FD scheme with β = 75 dB provided a net average total energy efficiency gain of 33.92 % over FD with power control only [18] . From P max = 0 to 13 dBm, for β = 75 dB, there is no considerable advantage in employing FD with power control only [18] over Smart HD. For the highest considered maximum transmit power level i.e. P max = 27dBm, the proposed FD scheme with β = 75 dB showed an improvement in the average total energy efficiency of about 4.2x against Smart HD, whereas no significant improvement was offered by the proposed FD scheme against the FD with power control only [18] . Figure 3 shows the effect of SI cancellation (β) on the average total energy efficiency of the mmWave system, for Tp T = 10 −4 . Three different power budgets are considered, Figure 3 (a) representing low power budget (P max = 4 dBm) i.e. WPANs [16] , Figure 3 (b) for moderate power budget (P max = 10 dBm), which is the maximum power transmit limit for 60 GHz mmWave communications in Japan [28] - [30] , and Figure 3 (c) for high power budget (P max = 27 dBm), which is the maximum transmit power limit for 60 GHz mmWave communications in USA [28] - [30] . Figure 3(a) clearly depicts that the proposed FD scheme with the low power budget [16] readily outperformed the traditional HD even at β = 35 dB, while the FD having power control only [18] has its HD cross-over point at about β = 63 dB. Furthermore, it can be observed that the proposed FD scheme required the SI cancellation of at least β = 55 dB in order to surpass the average total energy performance of Smart HD. Considering the practical SI cancellation level i.e. β = 75 dB, the proposed FD scheme showed better performance than FD with power control only [18] and Smart HD, which could be improved further with higher SI cancellation levels. Figure 3(b) shows that the proposed FD scheme with the moderate power budget [28] - [30] still outperformed the traditional HD even at β = 35 dB. Moreover, it can be seen that as the maximum transmit power level (i.e. P max ) is increased from 4 dBm to 10 dBm, the minimum SI cancellation level required by the proposed FD scheme to outperform Smart HD has been shifted from 55 dB (Figure 3(a) ) to 52 dB. Figure 3 (c) provides the efficacy of employing the high power budget [28] - [30] for assessing the average total energy efficiency of the mmWave system. Interestingly, the proposed FD scheme with the high power budget (i.e. 27 dBm) outperformed all the benchmark schemes. This is due to the fact that in both the Smart HD and the traditional HD schemes, there are no power control mechanisms. Consequently, upon increasing the maximum transmit power level (i.e. up to about 9 dBm), the total achievable throughput increased up to a certain extent, after which the imposed power consumption become dominate, causing a decline in the average total energy efficiency. Note that, our results presented in this paper assume constant power consumption for SI cancellation. However, higher SI cancellation could cost higher power, creating a trade-off between β and energy efficiency, which is left as a future study. Figure 4 highlights the impact of the pilot transmission overhead ( Tp T ) on the average total energy efficiency of the mmWave system for the three different power budgets as in Figure 3 . Two SI-cancellation levels, β = 75 dB and 96 dB, are specifically considered for analyzing the FD schemes as the former is the practically achieved SI cancellation in [11] and the latter is the ideal maximum SI cancellation required for 60 GHz mmWave communication [11] . Figure 4(a) shows the impact of Tp T on the average total energy efficiency of the mmWave system for P max = 4 dBm [16] . As the overhead is increased from 10 −4 to 10 −2 , the average total energy performance gain of the proposed FD scheme (β = 75 dB) over Smart HD downgraded from 34.98 % to 29.93 %. Figure 4(b) provides the effect of Tp T on the average total energy efficiency of the mmWave system for P max = 10 dBm [28]- [30] . As the overhead rose from 10 −4 to 10 −2 , the performance gain of the proposed FD scheme (β = 75 dB) against the Smart HD scheme declined from 33.46 % to 23.85 %. In comparison to the FD with power control only [18] , the performance gain of the proposed FD scheme downgraded from 29.2 % to 8.7 %. Figure 4 (c) highlights the implications of Tp T on the average total energy efficiency of the mmWave system for P max = 27 dBm [28]- [30] . Interestingly, it can be seen that by increasing the overhead from 10 −4 to 10 −2 , although the performance of the proposed scheme (β = 75 dB) is decreased by 39 %, still the scheme provided a net gain in the average total energy efficiency of about 3.5x over Smart HD.
V. CONCLUSIONS In this paper, we have proposed joint control of transmission power and beam-level beamwidths for applying FD in mmWave indoor wireless systems. The proposed FD scheme is analyzed by evaluating the average total energy efficiency for an indoor wireless communication scenario, considering IEEE 802.11ad model. By considering the three distinct power budgets, our results show the improvement potential of the proposed FD scheme, as it outperformed Smart HD by up to 4.2x and FD with power control only by up to 33.92 % for 75 dB practically-attained SI cancellation. Our results show that mmWave FD with our proposed solution promises a good potential for green 5G networks. Incorporation of the proposed solution into a MAC protocol and analysis for a larger network is our future work. Average total energy efficiency [Giga bits/joule] Proposed FD FD in [18] Smart HD HD (c) Figure 3 : Average total energy efficiency vs. self-interference cancellation (β), Tp T = 10 −4 : (a) P max = 4 dBm (WPANs [16] ), (b) P max = 10 dBm (Japan) [28] - [30] , and (c) P max = 27 dBm (USA) [28] - [30] . [16] ), (b) P max = 10 dBm (Japan) [28] - [30] , and (c) P max = 27 dBm (USA) [28] - [30] .
